Background: Intrauterine growth restriction (IUGR) offspring with rapid catch-up growth are at increased risk for early obesity especially in males. Persistent insulin-like growth factor-1 (IGF-1) reduction is an important risk factor. Using a mouse model of maternal hypertension-induced IUGR, we examined IGF-1 levels, promoter DNA methylation, and histone H3 covalent modifications at birth (D1). We additionally investigated whether prenatal perturbations could reset at preadolescence (D21). Methods: IUGR was induced via maternal thromboxane A 2 -analog infusion in mice. results: IUGR uniformly decreased D1 IGF-1 mRNA and protein levels with reduced promoter 1 (P1) transcription and increased P1 DNA methylation. IUGR males also had increased H3K4ac at exon 5 and 3′ distal UTR. At D21, IUGR males continued to have decreased IGF-1 levels, originating from both P1 and P2 with reduced 1A variant. IUGR males also had decreased activation mark of H3K4me3 at P1 compared with sham males. In contrast, D21 IUGR females normalized their IGF-1 levels, in association with an increased activation mark of H3K4me3 at P1 compared with sham females. conclusion: IUGR uniformly affected D1 hepatic IGF-1 epigenetic modifications in both sexes. However, at preadolescence, IUGR males are unable to correct for the prenatal reduction possibly due to a more perturbed IGF-1 chromatin structure. i ntrauterine growth restriction (IUGR) predisposes offspring toward early-onset metabolic syndrome. This predisposition is particularly pertinent with rapid postnatal catch-up growth and affects males more than females (1). The molecular mechanisms underlying this sex-specific predisposition remain elusive. Insulin-like growth factor 1 (IGF-1), a major regulator of growth and metabolism, has generated significant interest in the field (2). IGF-1 disruption has been implicated in aberrant growth and development of metabolic syndrome in both IUGR humans and animal models (3-6). In particular, decreased IGF-1 have been observed in IUGR humans who ultimately develop metabolic syndrome as adults (7, 8) .
i ntrauterine growth restriction (IUGR) predisposes offspring toward early-onset metabolic syndrome. This predisposition is particularly pertinent with rapid postnatal catch-up growth and affects males more than females (1) . The molecular mechanisms underlying this sex-specific predisposition remain elusive. Insulin-like growth factor 1 (IGF-1), a major regulator of growth and metabolism, has generated significant interest in the field (2) . IGF-1 disruption has been implicated in aberrant growth and development of metabolic syndrome in both IUGR humans and animal models (3) (4) (5) (6) . In particular, decreased IGF-1 have been observed in IUGR humans who ultimately develop metabolic syndrome as adults (7, 8) .
The IGF-1 gene is an ideal candidate to examine IUGR's effects not only because of its growth and metabolic properties but because of its complex gene structure allowing for developmental-and tissue-specific expression. The majority of serum IGF-1 is synthesized from the liver (9) . The IGF-1 gene is regulated by two alternative promoters, promoter P1 initiates transcription from exon 1 while promoter P2 from exon 2. P1 is active in fetal life, whereas P2 becomes upregulated at ~3 wk of life when growth hormone exerts its effects on the rodent IGF-1 gene (10) . The rodent IGF-1 gene also has an alternatively spliced exon, with the A variant excluding exon 5 and the B variant includes exon 5. Both alternative promoter selection and alternative exon splicing require specific epigenetic modifications to direct transcriptional machinery for specific mRNA transcript generation (11, 12) .
Given that prenatal insults are known to affect gene-specific DNA methylation and histone covalent modifications (13), we examined whether IUGR would disrupt hepatic IGF-1 epigenetics to result in aberrant IGF-1 expression in embryonic and postnatal life. We used our laboratory's IUGR mouse model induced via maternal thromboxane A 2 -analog infusion from embryonic day (E) 12.5 to term to mimic pregnancyinduced hypertension (14) , a common etiology of human IUGR. TXA 2 -analog, a potent vasoconstrictor, elicits maternal hypertension culminating in a dysfunctional oxygen delivery system to the fetus. E19.5 IUGR fetuses are hypoinsulinemic and have reduced hepatic IGF-1 mRNA levels. Sham and IUGR fetuses have similar levels of 11-dehydrothromboxane B 2 (a TXA 2 metabolite), tumor necrosis factor α (which could be induced by TXA 2 ), and corticosterone levels indicating that these do not contribute to IUGR. Relative to other IUGR animal models in which fetuses are nutrient deficient, fetuses in this model have normal glucose and increased amino acids. This fetal metabolic profile duplicates that of human infants of pregnancy-induced hypertension mothers who also have increased serum nutrients including glucose and amino acids (15, 16) . Whether such increased fetal nutrients represent
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Articles increased transplacental transport, decreased fetal utilization, and/or increased fetal catabolism is being investigated. In our model, pups are born ~15% symmetrically growth restricted. IUGR males catch up to sham males' weight at postnatal day (D) 28 and surpass them at 8½ mo. IUGR females remain growth restricted until D77 after which they weigh similarly to sham females through the first year. Given this sex-specific growth pattern, we hypothesized that IUGR males and females would have a different pattern of hepatic IGF-1 expression and a different trajectory of promoter DNA methylation and histone H3 covalent modifications from birth to preadolescence. D1 sham and IUGR mice had similar fasting blood glucose (sham males 65 ± 5 mg/dl vs. IUGR males 65 ± 2 mg/dl and sham females 63 ± 5 mg/dl vs. IUGR females 70 ± 5 mg/dl) and serum insulin (sham males 0.81 ± 0.29 ng/ml vs. IUGR males 1.08 ± 0.22 ng/ml and sham females 0.83 ± 0.29 ng/ml vs. IUGR females 1.06 ± 0.20 ng/ml) levels. D1 IUGR mice had decreased fasting serum IGF-1 levels in both sexes compared with shams (sham males 34.3 ± 3.1 ng/ml vs. IUGR males 24.3 ± 2.9 ng/ml and sham females 35.2 ± 4.9 ng/ml vs. IUGR females 25.2 ± 1.7 ng/ml; P < 0.05). D21 sham and IUGR mice had similar fasting blood glucose (sham males 153 ± 21 mg/dl vs. IUGR males 157 ± 16 mg/dl and sham females 160 ± 24 mg/dl vs. IUGR females 142 ± 7 mg/dl) and serum insulin (sham males 0.119 ± 0.052 ng/ml vs. IUGR males 0.103 ± 0.023 ng/ml and sham females 0.124 ± 0.064 ng/ ml vs. IUGR females 0.200 ± 0.075 ng/ml) levels. D21 IUGR males had decreased fasting serum IGF-1 levels compared with sham males (268 ± 23 ng/ml vs. 475 ± 72 ng/ml; P < 0.05). D21 IUGR females had similar serum IGF-1 levels as sham females (338 ± 38 ng/ml vs. 348 ± 45 ng/ml).
RESULTS

Body
IUGR's Effect on D1 and D21 Hepatic IGF-1 mRNA Levels
In D1 IUGR males, total IGF-1 mRNA level was decreased by 2.5-fold primarily due to reduced promoter P1 transcription (Figure 1b) . Alternative splicing was unaffected since both variants were decreased equivalently. In D1 IUGR females, total IGF-1 mRNA level was also decreased, but the degree of reduction was less than IUGR males. Again, reduced transcription from P1 accounted for the total decrease, which was coupled to alternative splicing with the B variant (Figure 1c) .
At D21, IUGR males continued to have decreased total IGF-1 mRNA level. Unlike at D1, IUGR impacted transcripts originating from both promoters P1 and P2 in males. Moreover, the decrease in IGF-1 was predominately in the alternatively spliced A variant (Figure 1d) . D21 IUGR females normalized their total hepatic IGF-1 mRNA levels (Figure 1e ). At D1, IUGR increased promoter P1 DNA methylation at CG site located at -78 in males (Figure 2b ) and at -142 in females (Figure 2c ) compared with sex-matched shams. This 64 basepair distance between IUGR males and females would be predicted to fall within the distance of the same nucleosome. IUGR also decreased P1 methylation at CG sites -110 and -328 in females at birth (Figure 2c) . At D21, sham and IUGR males showed similar patterns of methylation (Figure 2d ), while IUGR females had increased methylation at CG site -328 compared with sham females (Figure 2e) .
IUGR's Effect on
IUGR did not affect promoter P2 DNA methylation in either sex at birth consistent with its reduced usage in fetal life (Figures 3b, 3c) . At D21, IUGR males showed no change in DNA methylation compared with sham males (Figure 3d) , whereas IUGR females showed increased P2 methylation at -93 and -347 compared with sham females (Figure 3e ).
Determining Histone H3 Covalent Modifications Along the Mouse Hepatic IGF-1 Gene
We have previously shown that histone covalent modifications vary across the IGF-1 locus for the gene to define its 5′ and 3′ ends (17) . Therefore, before we can determine the effects of IUGR, we established the baseline histone code for the C57BL/6J mouse. For this set of data, we have chosen to express each modification as a percent of that at promoter P1 as a reference point.
In general, D1 and D21 sham males and females had similar baseline hepatic IGF-1 histone H3 covalent modifications showing that the gene structure appeared to be set up correctly. These findings reassured us that sham surgery did not perturb the IGF-1 chromatin. Specifically at D1, P2 had decreased H3K4me2 but increased H3K9me3 and H3K36me3 compared with P1 (Figure 4a,b) . The directionality of change in these histone modifications is consistent with decreased activation of P2 at D1 (ref. 18). Exon 5 had increased H3K14ac, H3K9me3, and H3K36me3 (Figure 4a,b) , showing that 1B transcripts with this exon retained is the predominant transcript at D1 compared with 1A transcripts that have this exon alternatively spliced out (12) . The proximal and distal 3′ UTRs which encode for the first and fourth polyadenylation signals, respectively, in the liver had decreased H3K9ac, H3K4me2, and H3K4me3 and increased H3K36me3 (Figure 4a,b) . This histone signature is consistent with the definition of the 3′ end of a gene (19) . By D21, P2 had a dramatic increase in the promoter activation mark of H3K4me3 in both sexes (Figure 4c,d) , ascertaining that P2 is active in preadolescence.
For these data, we have expressed each IUGR modification as a percent of the sham modification to denote IUGR-specific changes. In D1 IUGR males, the histone covalent modifications were similar to D1 sham males except for increased H3K9ac in exon 5 and distal 3′UTR (Figure 5a ). Similar to D1 IUGR males, D21 IUGR males showed a similar histone code as D21 sham males except for decreased H3K9me3 in proximal 5′ UTR (Figure 5c ). D1 IUGR females had increased H3K9me3 at promoter P2 and exon 5. In addition, the polyadenylation signals for proximal and distal 3′ UTRs showed increased H3K14ac and H3K9me3 but decreased H3K9ac and H3K4me3 (Figure 5b) . The histone code continued to show changes in D21 IUGR females where promoter P1 had increased H3K4-and K9-me3, exon 5 had decreased H3K14ac but increased H3K4me2, and proximal and distal 3′ UTR had increased H3K9me3 (Figure 5d ).
DISCUSSION
The most important finding of this study is that in a mouse model of maternal hypertension-induced IUGR, juvenile males have persistently decreased IGF-1 mRNA and protein levels, whereas juvenile females have normal IGF-1 mRNA and protein levels. In association with these IGF-1 levels, IUGR at D1 significantly affected transcription originating from promoter P1 compared with promoter P2. This finding is consistent with promoter P1 being more active in early embryonic life (20) . In association with promoter P1 transcript decrease, IUGR increased DNA methylation in promoter P1 at CG site -78 in males and -142 in females. These sites lie within the projected nucleosome-free region (NFR). NFR occurs during active transcription when the region 200-300 base pairs upstream of the transcription start site lacks a nucleosome and is typically unmethylated. Methylation within the NFR, in contrast, leads to nucleosome formation and gene repression. Our results therefore suggest that DNA methylation in IUGR offspring may have contributed to NFR loss on some of the DNA templates which would result in reduced IGF-1 transcripts. In addition to DNA methylation, D1 IUGR males had an abnormal H3K9ac pattern. H3K9ac, along with H3K4me3, are usually localized to the 5′ end of genes that have a first exon that is <1 kb (like the IGF-1 gene) to attract general transcription factors for gene activation (21) . These two modifications then disappear within 1 kb downstream of the transcription start site. In our study, H3K9ac is aberrantly localized in exon 5 and 3′ UTR in IUGR males (Figure 6 ). DNA methylation within the NFR coupled with aberrant H3K9ac in the body of the IGF-1 gene indicate that IUGR males have more disruptions to their epigenome at birth compared with IUGR females, potentially setting them up for a reduced ability to normalize IGF-1 expression over time. Another interesting finding is that IUGR females preferentially decreased their 1B splice variant. Increased H3K9me3 is normally associated with gene Articles Fung et al.
repression (12) , but this mark also correlates with increased inclusion of alternative exons (22); therefore, increased inclusion of exon 5 may have led to 1B splice variant decrease in IUGR females. The most striking finding in our study is the sex specificity at D21, 3 wk after the prenatal insult. Whether the prenatal IUGR-induced epigenetic modifications could be reset during a relatively normal postnatal environment is important to address. Juvenile IUGR males decreased IGF-1 transcripts originating from both promoters P1 and P2 with now a predominant decrease in the alternatively spliced 1A variant. A surprising finding here however is that promoters P1 and P2 DNA methylation patterns and histone H3 covalent modifications in IUGR males are similar to those of sham males. This implies that IUGR males adjusted their specific epigenetic modifications detected as aberrant at birth back to sham levels, but these alterations were insufficient to normalize IGF-1 transcript levels. The explanation for this is unclear. We do know that growth hormone (GH) becomes the primary growth determinant in mice and humans at preadolescence. Plausible explanations for a persistent IGF-1 decrease may be due to either insufficient GH level or the cis elements where GH exerts its action on the IGF-1 gene are inaccessible. Indeed, IUGR children born small for gestational age have been described to have GH insufficiency, and current management of these small-for-gestational-age children who present with growth failure during childhood includes exogenous GH treatment (23) . Alternatively, GH acts via the Jak/Stat pathway in which dimerized Stat proteins bind to GH responsive elements located in multiple sites on the IGF-1 gene to activate transcription (24) . Perhaps these GH responsive elements are rendered inaccessible to Stat proteins due to a prenatal change in IGF-1 chromatin. Juvenile IUGR females, in contrast, had a new histone code that is different from sham females along the entire IGF-1 gene. We postulate that IUGR females may be able to normalize IGF-1 levels due to elevated H3K4me3 and H3K9me3 at P1 (Figure 6) . H3K9me3 was initially shown to be associated with transcriptional repression if the associated Articles DNA was also methylated. In the absence of DNA methylation, H3K9me3 is shown to be associated with transcriptional activation and RNA polymerase elongation (25) . The epigenetic modifications detected in this study bear certain resemblance to the rat model of IUGR via bilateral uterine artery ligation. IUGR rat pups are 25% asymmetrically growth restricted with reduced oxygen, glucose, and branched-chain amino acids. IUGR also modified P1 and P2 DNA methylation patterns and histone code along the length of the hepatic IGF-1 gene (17) . Unlike our mouse model, however, juvenile rat pups showed persistent decreases in IGF-1 levels in both sexes with their sex-specific epigenetic modifications similar at birth and preadolescence. The authors noted that less variability was found among IUGR rats compared with control rats, speculating that the response to IUGR results in a more uniform histone code alteration in the rat model. The translational relevance of our D21 findings is that IUGR males are known to be at a disadvantage compared with IUGR females in many aspects of cardiovascular health especially in early adult life. Male offspring develop vascular dysfunction and hypertension, whereas female offspring seems to be protected (26, 27) . Literature over the past two decades has shown that IGF-1 not only controls growth properties but also has important effects on carbohydrate, lipid, and protein metabolism (2). IGF-1 shares structural homology and downstream signaling pathways with insulin and has insulin-like effects in lowering glucose levels by stimulating glucose uptake in skeletal muscle via glucose transporter 4 membrane translocation and by decreasing hepatic glucose production via inhibition of gluconeogenesis (28, 29) . IGF-1 also induces differentiation of preadipocytes into mature adipocytes for lipid storage as well as stimulates protein synthesis and decreases proteolysis (2) . Therefore, a persistent decrease in IGF-1 in IUGR males from birth via altered IGF-1 chromatin may provide one mechanistic insight into the male sex vulnerability. Other explanations may lie in the effects of gonadal steroid hormones and sex chromosome (30) . Gonadal steroid hormones act on nongonadal tissues to cause sex-specific phenotypes. Studies in rat and mouse liver models have identified >1,000 genes whose expression is sex dependent, imparting substantial sexual dimorphism to liver metabolic function and pathophysiology (31) . Interestingly, the sexually dimorphic expression of liver genes is regulated by the temporal release of GH by the pituitary gland, which itself shows significant sex differences. In rats and mice, GH profiles are highly pulsatile (intermittent) in males vs. more frequent (continuous) in females, suggesting a level of IGF-1 gene regulation exists outside of the liver. The effects of sex chromosome genes acting outside of the gonads is also an important contributor to sex differences. Both X and Y genes, which are differentially present in each XX vs. XY cell, act in a sex-biased manner to cause sex differences in nongonadal phenotypes (32, 33) . In fact, the genetic sex difference leads to clear sex bias in the genome: Y genes act only in XY cells, X genes escaping X-inactivation may be expressed constitutively higher in XX than XY cells, XX cells receive both a paternal and maternal imprint on X chromosomes whereas XY cells receive only a maternal imprint, and X or Y chromosomes harbor segments of sex-specific heterochromatin that may alter the epigenetic status of autosomes in a sex-specific manner.
We recognize certain limitations exist in our study. One is the establishment of the causal relationship between epigenetic modifications and gene expression changes. Unfortunately, current technology is still unable to assign such causeand-effect relationships; however, we present evidence that a developmentally regulated gene such as IGF-1 must undergo sequential epigenetic modifications prenatally and postnatally to maintain normal gene transcription. Any significant prenatal disruption in chromatin remodeling may prevent future modifications to take place for proper postnatal gene expression. A second limitation is that we have only examined a few IGF-1 epigenetic modifications to attempt to understand its role in later-life disease. Indeed, IGF-1 acts in concert with GH, GH receptors, IGF-receptors, and IGF-binding proteins. Therefore, perturbations in any of these growth regulators could have additional impact. A third limitation is the assurance of equal dietary intake during nursing between sham and IUGR groups. Measurement of actual milk intake would be ideal but pup rejection by constant handling is a genuine risk. We have tried to obviate this limitation by using cross-foster dams with no prior surgical manipulation and to maintain equal litter sizes.
In summary, we have shown that maternal-induced hypertension in the mouse disrupts IGF-1 upregulation in preadolescent IUGR males. Intriguingly, in the next week, IUGR males in this model catch up to sham males in weight and even surpass them at 8½ mo of age. It remains to be determined whether IGF-1 levels stay suppressed or become accelerated as catch-up growth continues and whether weight gain is a function of gain in lean or fat mass. Further dissection into other aspects of the GH-mediated IGF-1 upregulation is in progress.
METHODS
IUGR Mouse Model via Maternal Thromboxane A 2 -Analog Infusion
All procedures were approved by the University of Utah Animal Care committee and carried out in accordance with US National Institutes of Health Guide for the Care and Use of Laboratory Animals. IUGR offspring were induced according to Fung et al. (14) . Briefly, timed matings of C57BL/6J mice were set up. At E12.5, pregnant females were anesthetized and micro-osmotic pumps infusing either vehicle (sham group) or 4,000 ng/μl U-46619 were implanted for the remainder of pregnancy (~20 d). Pups delivered spontaneously at term (D1). 
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Unmanipulated dams cross-fostered all pups from D1 to D21. We measured D1 and D21 body weights and harvested sera and livers.
Fasting Whole Blood Glucose and Serum Insulin and IGF-1 Measurements
All mice were fasted for 1 h prior to decapitation and blood collection. The first drop of blood (~0.5 μl) was used to measure whole blood glucose using an Accu-Chek Aviva glucometer (Roche Diagnostics, Indianapolis, IN). Remaining blood was collected into serum separator microtubes and centrifuged for 20 min at 2,000g. Sera were separated, flash-frozen, and stored at −80 °C until analysis. We measured insulin levels with Ultrasensitive Mouse Insulin ELISA kit (90080; Crystal Chem, Downers Grove, IL) following manufacturer's protocol using the Low Range Assay and IGF-1 levels with Mouse IGF-1 Immunoassay (MG100; R&D Systems, Minneapolis, MN) following manufacturer's protocol (n = 6/group from three separate sham and IUGR litters for both time points).
RNA Isolation, cDNA Synthesis, and Real-Time RT-PCR Quantification Total RNA was extracted from frozen livers using a Nucleospin RNA II kit (Macherey-Nagel, Bethlehem, PA). cDNA was synthesized from 2 μg total RNA using random hexamers (High-Capacity cDNA Reverse Transcription kit, Applied Biosystems, Foster City, CA). Total hepatic IGF-1 mRNA and variants ( Figure 1a) were quantified by real-time RT-PCR using Taqman Assays-on-Demand ( and IUGR cDNA were quantified as previously described (35) .
DNA Methylation Analysis
Genomic DNA extracted from livers (n = 6/group from six separate sham and IUGR litters) was converted with sodium bisulfite (EZ DNA Methylation-Gold kit, Zymo Research, Irvine, CA). IGF-1 P1 and P2 have multiple transcription start sites therefore we analyzed cytosine-guanine (CG) sites that were upstream of the longest known 5′ UTR transcripts for each promoter. Using cDNA clone accession #Ensmust0122386, the eight P1 CG sites analyzed were at -417, -363, -328, -255, -239, -142, -110, and -78 (Figure 2a) . Bisulfite primers used were: forward 5′-TAAGTAGGTTTTTATTTATGGGGTAG and rev 5′-TAAGTAGGTTTTTATTTATGGGGTAG for -417 to -328, and f orward 5′-TGGGAAAGTATATTTGGAGAGATATT and rev 5′-TTAT AATATCATTCAAATCCCTCAACT for -255 to -78. Using cDNA clone accession #Ensmust062862, the eight P2 CG sites analyzed were at -372, -347, -311, -306, -285, -255, -185, and -93 (Figure 3a) . Bisulfite primers used were: forward 5′-GGTAGAAA TTATTGTAAGGTATTTTTGTT and rev 5′-ATCACACACATACA TAAACACAAA for -372 to -255, and forward 5′ GTTTGTGTTTA TGTATGTGTGTGA and rev 5′-CTTCCCCTAACTTTAACTTTC TAAAC for -185 to -93. PCR conditions were 95 °C for 10 min, 94 °C 
